Abstract-Alzheimer's disease (AD) is associated with ␤-amy-
Alzheimer's disease (AD), a progressive neurodegenerative disorder, is the most common form of dementia among the elderly. The pathological hallmarks of AD are postmortem ␤-amyloid accumulation and neurofibrillary tangles in the brain. Mutations of the amyloid precursor protein (APP) gene on chromosome 21 and the presenilin-1 (PS1) gene on chromosome 14 are thought to cause an early onset form of AD (Goate et al., 1991; Sherrington et al., 1995) . ␤-Amyloid peptides produced from APP processing cause neurodegeneration and disrupt cognitive function by several mechanisms including oxidative stress (Hardy and Selkoe, 2002; Walsh et al., 2002; Cleary et al., 2005; LaFerla et al., 2007) . The oxidation of methionine 35 in ␤-amyloid peptides is thought to be an initiating step in the free radical chain reaction that causes oxidative damage to neurons in AD (Butterfield and Kanski, 2002; Butterfield and Boyd-Kimball, 2005) .
Oxidative stress, the imbalance between antioxidants and reactive oxygen species (ROS), has been documented to be involved in AD (Markesbery, 1997) , where macromolecules such as proteins, lipids, DNA and RNA are modified (Aksenov et al., 2001; Ding et al., 2005; Markesbery et al., 2005; Wang et al., 2006) . Oxidative stress can be detected as early as the stage of mild cognitive impairment (MCI) (Pratico et al., 2002; Migliore et al., 2005; Butterfield et al., 2006) , in which antioxidant capacity is low (Rinaldi et al., 2003; Guidi et al., 2006) . The activity of copper-zinc superoxide dismutase (CuZnSOD), a cytoplasmic antioxidant enzyme, is reduced in several regions of the AD brain (Marcus et al., 1998) . AD brains also have abnormal mitochondria (Hirai et al., 2001) , but the status of the primary mitochondrial antioxidant enzyme, manganese superoxide dismutase (MnSOD), is unclear.
MnSOD is the only primary antioxidant enzyme that has been shown to be essential for the survival of all aerobic life. This enzyme rapidly converts superoxide rad-icals to molecular oxygen and H 2 O 2 , which can be further neutralized by glutathione peroxidase, peroxyredoxin reductase and catalase. Increasing evidence suggests that MnSOD is critical for neurons to survive oxidative damage. For example, MnSOD homozygous knockout mice die shortly after birth with severe pathology including neurodegeneration Lebovitz et al., 1996) . Overexpression of MnSOD prevents oxidative insults to neurons from being injured (Gonzalez-Zulueta et al., 1998; Keller et al., 1998; Klivenyi et al., 1998) . Recent studies suggest that MnSOD plays a protective role during AD development. For example, MnSOD deficiency increases ␤-amyloid levels and amyloid plaque burden, and accelerates the onset of behavioral alteration in APP transgenic mice (Li et al., 2004; Esposito et al., 2006) . However, the fate of MnSOD during the development of AD is not known.
In this study, we used a homozygous knock-in APP NLh/NLh X PS-1 P264L/P264L (APP/PS1) mouse that simulates the natural progression of ␤-amyloid pathology observed in AD patients (Reaume et al., 1996; Siman et al., 2000; Anantharaman et al., 2006) to investigate the fate of oxidative damages and MnSOD production during neuronal development. This is the first study to demonstrate the dynamics of MnSOD production under oxidative stress during neuronal development in an AD model.
We further employed a potent SOD mimetic, Mn(III) tetrakis (N-ethylpyridinium-2-yl) porphyrin, MnTE-2-PyP 5ϩ (Batinic-Haberle et al., 1999) . We have already shown that this porphyrin gets into mouse heart mitochondria at a 5.1 M level after a single i.p. dose of 10 mg/kg (Spasojevic et al., 2007) . In another study with submitochondrial particles we have shown that at levels Ͼ3 M, MnTE-2-PyP 5ϩ is able to protect components of mitochondrial respiration against peroxynitrite damage (Ferrer-Sueta et al., 2006) . Finally, in a mouse skin TPA carcinogenesis model we were able to show that MnTE-2-PyP 5ϩ effectively substitutes for matrix enzyme, MnSOD (Zhao et al., 2005) .
EXPERIMENTAL PROCEDURES APP-PS1 mouse and neuronal cultures
The humanized Alzheimer mice APP NLh/NLh ϫPS-1
used in this study were generated using Cre-lox © knock-in technology (Cephalon, Inc., West Chester, PA, USA) (Reaume et al., 1996; Siman et al., 2000) . The animal protocols were approved by the University of Kentucky Animal Care and Use Committee. Every effort was made to minimize the number of animals used and their suffering. Primary neuronal cell cultures were isolated from the cortexes of neonatal pups (P0 -P1) from WT/WT and APP/PS1 mice (CD1 background). Briefly, brain meninges were removed and cortical slices were dissected under microscope in ice cold Hanks' balanced salt solution and digested in 0.25% trypsin-EDTA in an incubator for 3 min at 37°C. The digestion was stopped by trypsin (soybean) inhibitor (50 mg/mL). DNA fibril was digested by DNAse-I (10 mg/mL). Isolated cell suspensions were filtered through a 0.44 m nylon mesh (Falcon, Franklin Lake, NJ, USA) and washed by centrifugation through neurobasal medium at 130 g for 5 min. The cells were seeded into poly-Dlysine-coated plates and incubated in a cell culture incubator at 37°C for 1 h. The growth medium, neurobasal medium containing B27, glutamax, penicillin-streptomycin-neomycin and bFGF, replaced the pre-medium. Neuron cultures were maintained at 37°C in a humidified incubator containing 5% CO 2 . One-third of the original medium was changed at day 3 and then again every 2 days until day 10. In this study, day 3 neurons in culture were defined as the developing neurons and day 10 neurons were defined as mature neurons. These definitions were based on the results of a previous study, in which neuronal markers such as NeuN, synaptophysin, and synapsin IIa were present by day 10 but not before day 5 (Lesuisse and Martin, 2002) .
Antibodies
All antibodies in the present study were purchased from commercial sources. Polyclonal anti-MnSOD and monoclonal anti-nitrotyrosine were obtained from Upstate (Lake Placid, NY, USA). Monoclonal anti-beta actin was obtained from Sigma (St. Louis, MO, USA). Polyclonal anti-3-nitrotyrosine (3-NT), and polyclonal antihydroxynonenal (HNE) were obtained from Chemicon (Temecula, CA, USA). The protein oxidation detection kit was purchased from Intergen (Purchase, NY, USA).
SOD mimetic
MnTE-2-PyP 5ϩ was prepared as previously described (BatinicHaberle et al., 1999) .
Measurement of protein carbonyls
Protein carbonyl levels were measured from day 3 and 10 neuronal cultures from WT/WT and APP/PS1 mice. Neuronal cells were collected in PBS and kept in Ϫ80°C for further analysis. Protein carbonyl levels were determined as adducts of 2,4-dinitrophenylhydrazine (Oliver et al., 1987) . The sample (5 L) was incubated for 20 min at room temperature (22°C) with 5 L of 12% sodium dodecyl sulfate (SDS) and 10 L of 2,4-dinitrophenylhydrazine that was diluted 10 times with water from a 200 mM stock. The samples were neutralized with 7.5 L of neutralization solution (2 M Tris in 30% glycerol). The resulting sample was loaded 250 ng per well onto a nitrocellulose membrane in a slot-blot apparatus under vacuum pressure. The membrane was blocked with 3% bovine serum albumin (BSA) in PBS containing 0.2% (v/v) Tween 20 for 1 h and incubated with a 1:100 dilution of anti-dinitrophenylhydrazine (anti-DNP) polyclonal antibody for 1 h. Following completion of the primary antibody incubation, the membranes were washed three times for 5 min each. The membranes were incubated in an anti-rabbit IgG alkaline phosphatase secondary antibody (1:8000) for 1 h, washed three times for 5 min each and developed using Sigmafast tablets (BCIP/NBT substrate). Blots were dried, scanned with Adobe Photoshop (San Jose, CA, USA), and quantified with Scion Image software (PC version of Macintosh-compatible NIH Image; National Institutes of Health, Bethesda, MD, USA).
Measurement of 4-hydroxy-2-trans-nonenal (4-HNE)
Levels of HNE, which reflect lipid peroxidation, were quantified by slot-blot analysis (Lauderback et al., 2001 ). Anti-HNE antibody raised in rabbit was used as the primary antibody (1:200 dilution). The membranes were developed using Sigmafast tablets. Blots were dried, scanned with Adobe Photoshop, and quantified with Scion Image software (PC version of Macintosh-compatible NIH Image).
Measurement of 3-NT
The sample (10 L) was incubated with 10 L of buffer containing 0.125 M Tris base, pH 6.8, 4% (v/v) SDS, and 20% (v/v) glycerol. The resulting sample (250 ng) was loaded per well in the slot-blot apparatus. Samples were loaded onto a nitrocellulose membrane under vacuum pressure. The membrane was blocked with 3% (w/v) BSA in wash blot for 1 h and incubated with a 1:2000 dilution of 3-NT polyclonal antibody for 90 min. The remainder of the procedure was identical to that described above for HNE.
Western blot
Neuronal cells were cultured and collected at days 3 and 10. The same amounts of crude extract were loaded into 12.5% SDSpolyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. The membranes were then blocked with 5% nonfat dried milk in TBS-T buffer (pH 7.6) for at least 1 h at room temperature. Membranes were incubated in the primary antibody at room temperature for 2 h or at 4°C overnight. The primary antibody was diluted in TBS-T buffer containing 5% nonfat dried milk. The membranes were washed three times for 5 min each with TBS-T, and incubated with secondary antibody for 2 h. The membranes were then washed three times with TBS-T for 5 min and once with TBS for 5 min. Protein bands were detected using the enhanced chemiluminescence detection system (ECL ® , Amersham Biosciences, Piscatway NJ, USA). Densitometry analysis was performed by using the Quantity One ® Image analyzer software program (Bio-Rad).
MnSOD activity assay
MnSOD activity was determined by a modified nitroblue tetrazolium (NBT) assay (Spitz and Oberley, 1989 ). The assay is based on the competition reaction between SOD and the indicator molecule, NBT, for superoxide radicals generated by xanthine/xanthine oxidase. The rate of increase of 560 nm over a 3-min time period indicates the reduction of NBT by superoxide. Briefly, 20 L of different amounts of total protein from neuronal cell homogenate were added to the 160 L of reaction buffer (50 mM potassium phosphate, pH 7.8, 1 mM diethylenetriamine pentaacetic acid [DETAPAC] , 10 U/mL catalase, 56 M NBT, 0.1 mM xanthine) with 0.33 M NaCN and incubated for 30 min to inhibit CuZnSOD. Twenty microliters of properly diluted xanthine oxidase is added to initiate the reaction. The rate of reaction was followed for 3 min at 560 nm. The amount of protein needed for 50% inhibition is defined as 1 unit of the enzyme.
Confocal laser scanning microscopy
Neuronal cells were fixed with 4% paraformaldehyde at room temperature for 20 min. The cells were washed with PBS three times for 5 min each and permeabilized with 0.2% Triton X-100 for 10 min. After incubation, Triton X-100 was removed and the cells were blocked with 3% normal donkey serum for 30 min. To detect co-localization of MnSOD and nitrotyrosine, neurons were incubated with polyclonal anti-MnSOD and monoclonal anti-nitrotyrosine as primary antibodies. Primary antibodies were prepared in 3% normal donkey serum using 1:200 dilution. The cells were incubated with antibodies at room temperature for 4 h or at 4°C overnight. Primary antibody was decanted and the cells were washed three times with PBS for 5 min each. The cells were incubated with 1:200 dilution of secondary antibody at room temperature for 1 h. The cells were incubated with secondary donkey anti-rabbit conjugated with cy2 and secondary donkey anti-mouse conjugated with cy3 to detect MnSOD and nitrotyrosine, respectively. The cells were washed three times with PBS for 5 min each. Immunoreactive cells were captured in at least five random fields using 100ϫ from a Leica microscope. Negative fluorescence controls for secondary antibodies were tested.
Neuronal cell survival
Cortical neurons at days 3 and 10 were treated with 5 M ␤-amyloid1-42 (Anaspec, Sanjoes, CA, USA) for 24 h. Before treatment, neuronal pictures in triplicate were captured for four areas of one treatment. Twenty-four hours after treatment, the same area of neuronal cultures was captured again. The neurons remaining in the same area after treatment were counted and calculated as survival cells. Percent of cell survival was quantified from three sets of independent cell culture experiments. Neuronal cell survival was also determined in an experiment where neurons were pretreated with SOD mimetic (100 -1000 pg/mL) before being treated with ␤-amyloid1-42.
Mitochondrial membrane potential
Mitochondrial membrane potential was measured by using 5,5=,6,6=-tetrachloro-1,1=,3,3=-tetraethylbenzimidazolocarbocyanine iodide or JC-1 (Sigma). Briefly, cells were incubated with 5 M JC-1 in neurobasal medium for 20 min. Then cells were washed twice with PBS. Fluorescence signal was measured by spectrofluorometry with 485 nm excitation, and 525 nm and 590 nm for emission of green (monomer form) and red (aggregate form) fluorescence, respectively. The color of the dye changes reversibly from green to red as the mitochondrial membrane becomes more polarized. The ratio of red/green was used as relative increase in mitochondrial membrane potential. Cells with 1 M carbonyl cyanide ptrifluoromethoxyphenylhydrazone (FCCP) were used as positive control samples.
Isolation of mitochondria
Mitochondria were isolated from WT/WT (CD1 background), WT and MnSOD-overexpressing mice TgH (CB57BL/6 background). The expression and characterization of MnSOD transgenic mice have been previously reported (Yen et al., 1996; Daosukho et al., 2005) . Briefly, the brain was rapidly removed and the forebrain was chopped and placed in glass homogenizer with 5 mL of isolation buffer (0.225 mol/L D-mannitol, 0.075 mol/L sucrose, 20 mmol/L Hepes, 1 mmol/L EGTA, and 1% BSA, pH 7.2). Tissue was homogenized and centrifuged at 1800ϫg at 4°C for 5 min. Supernatants were collected and centrifuged at 1800ϫg at 4°C for 5 min. The supernatants were collected and centrifuged at 8000ϫg at 4°C for 15 min and then the pellets were resuspended in 3% Percoll solution and layered on a surface containing 6% Percoll solution in isolation buffer. This density gradient was centrifuged at 8000ϫg at 4°C for 30 min to separate the unintact mitochondria from the intact mitochondria in the pellets. The pellets were washed again in isolation buffer by centrifugation at 8000ϫg at 4°C for 5 min and resuspended in mitochondrial respiration buffer (0.25 mol/L sucrose, 50 mmol/L Hepes, 2 mmol/L MgCl 2 , 1 mmol/L EGTA, 10 mmol/L KH 2 PO 4 , and 0.5% BSA, pH 7.4).
Mitochondrial respiration assay
After protein determination by Bradford assay, 250 g protein were used to measure oxygen consumption using a Clark-type electrode oxygraph (Hansatech Inc., Norfolk, UK) with 10 mmol/L pyruvate and 5 mmol/L malate as substrates in the absence of exogenous ADP (state II) and after addition of 300 mmol/L ADP (state III). Mitochondria treated with SOD mimetic (1000 pg/mL) and mitochondria not treated were measured for function after 1 min. The ATP synthase inhibitor oligomycin (100 g/mL) was then added to inhibit mitochondrial respiration (state IV). The respiratory control ratio (RCR) was the ratio between the rate of oxygen consumption/min of state III and state IV.
RESULTS

Characterization of oxidative damages in APP/PS1 neurons
We have previously demonstrated that APP/PS1 mice generate ␤-amyloid plaques in the brain (Anantharaman et al., 2006) . Our present study evaluated the oxidatively modified biochemical effects of the genetic mutation factor of AD during neuronal development. The levels of oxidative stress markers including protein carbonyl, 3-NT, and 4-HNE in primary cortical neurons were measured in cell lysates from days 3, 5 and 10 of primary neuron cultures. All oxidative markers were increased in APP/PS1 neurons by day 3 (Fig. 1) . The average increases of protein carbonyl, 3-NT and 4-HNE levels were 20%, 38% and 34%, respectively, at day 3 in APP/PS1 neurons compared with the corresponding WT/WT. Both protein carbonyl and 3-NT levels were significantly increased in an age-dependent manner in both genotypes with the levels in APP/PS1 neurons being higher than those in WT/WT neurons at all ages ( # Pϭ0.00016; @ PϽ0.0001) (Fig. 1A and B) . The levels of 4-HNE in WT/WT neurons increased with age during neuronal development (** Pϭ0.01). The levels of 4-HNE in APP/PS1 reached the levels of day 10 WT/WT neurons by day 3, and these discrepancies were sustained throughout the entire experimental period (Fig. 1C) . These results clearly demonstrate that oxidatively modified proteins increase early during neuronal development in neuron models of AD and continue to accumulate with age in both normal and AD neuron models.
Mitochondrial membrane potential in APP/PS1 neurons
Mitochondrial membrane potential is an important indicator for cell death, the aging process and mitochondrial function. To measure mitochondrial membrane potential, we stained primary neurons with JC-1, the fluorescence-capable sensing dye. The relative changes in JC-1 ratio were 79% and 64% (* PϽ0.0001, two-way ANOVA) in developing and mature APP/PS1 neurons, respectively, compared with WT/WT neurons of the same age (Fig. 2) . The finding that oxidative damages increase in APP/PS1 neurons ( Fig. 1) accompanied by a reduction of mitochondrial membrane potential suggests Fig. 1 . Characterization of oxidative damage markers during neuronal development. Protein carbonyl, nitrotyrosine (3-NT) and 4-hydroxynonenal (4-HNE) were detected in neuron cultures of days 3, 5 and 10 by slot blot. Protein carbonyl (A), 3-NT (B) and 4-HNE (C) levels were increased in APP/PS1 neurons (*P Ͻ 0.05, two-way ANOVA). Protein carbonyl and 3-NT levels in both genotypes were increased in an age dependent manner (#P ϭ 0.00016, @P Ͻ 0.0001, two-way ANOVA). The levels of 4-HNE in WT/WT neurons were increased in an age dependent manner (**P ϭ 0.01, one-way ANOVA). Data were means ϮS.E.M. of three separate experiments normalized with day 3 WT/WT neurons.
Fig. 2. Mitochondrial membrane potential in neurons.
Neuronal mitochondrial membrane potential was measured by using potential-sensing fluorescence probe, JC-1. Developing and mature APP/PS1 neurons had lower mitochondrial membrane potential compared to WT/WT of the same age (*P Ͻ 0.0001, two-way ANOVA). FCCP is an uncoupling agent used as positive control of the dye. that oxidative stress may cause mitochondrial damage and dysfunction in APP/PS1 neurons.
Differential susceptibility of young and mature neurons to ␤-amyloid toxicity
To test whether genetic predisposition of ␤-amyloid peptides alters susceptibility of neurons to additional oxidative stress, we determined cell survival after neurons were exposed to 5 M ␤-amyloid 1-42 for 24 h. Interestingly, cell survival in day 3 APP/PS1 neurons was higher than WT/WT neurons, 71.1% and 52.77%, respectively (** Pϭ0.001) (Fig. 3A) . We further investigated neuronal susceptibility in mature WT/WT and APP/PS1 neurons. A higher cell survival of neurons to ␤-amyloid toxicity was observed in WT/WT neurons than in APP/PSI neurons, 83.57% and 71.55%, respectively (* Pϭ0.0175) (Fig. 3B) .
Differential of MnSOD levels during neuronal development
MnSOD, a primary mitochondrial antioxidant enzyme essential for survival under oxidative stress, is an inducible antioxidant enzyme which is highly responsive to agents that generate oxidative stress. Since oxidative stress occurs early in APP/PS1 neurons ( Fig. 1) and developing APP/PS1 neurons can survive longer under additional oxidative stress (Fig. 3A) , we investigated MnSOD levels in developing neurons isolated from WT/WT and APP/PS1 mice. Interestingly, MnSOD protein levels were 1.55-fold higher in day 3 APP/PS1 neurons compared with WT/WT of the same age ( # Pϭ0.045, t-test) (Fig. 4) , indicating that oxidative stress induces an antioxidant adaptive response in developing neurons. MnSOD protein levels increased with age in both genotypes. In day 10 cultures, WT/WT neurons had higher-fold increases of MnSOD than APP/ PS1 neurons did, 7.34-and 4.19-fold (* Pϭ0.0359, t-test), respectively, compared with those in day 3 WT/WT (Fig. 4) . However, the MnSOD levels in day 10 APP/PS1 neurons were only 2.7-fold of that in day 3 APP/PS1 neurons. These results suggest that day 10 APP/PS1 neurons lost the ability to overproduce MnSOD under sustained oxidative stress conditions. The 1.55-fold increase in MnSOD protein levels is consistent with the 1.53-fold increase in MnSOD activity in APP/ PS1 day 3 neurons compared with WT/WT neurons of the same age. However, at day 10, there were 3.38-and 1.67-fold increases (* Pϭ0.006, t-test) in MnSOD activity in WT/WT and APP/PS1, respectively, compared with those in day 3 WT/WT neurons ( Table 1 ). The changes in MnSOD protein levels in day 10 neurons from both genotypes were greater than the changes in enzyme activity (Fig. 4 and Table 1 ), suggesting that MnSOD was inactivated. The ratio between protein levels and activity were 2.17-and 2.51-fold in mature WT/WT and APP/PS1 neurons, respectively (Table 1) . The greater increase in protein and activity ratio in day 10 APP/ PS1 neurons suggests that inactivation of MnSOD was greater in APP/PS1 neurons. Since MnSOD can be inactivated by nitrotyrosine (MacMillanCrow et al., 1996 (MacMillanCrow et al., , 1998 , we further measured co-localization of MnSOD with nitrotyrosine in mature WT/WT and APP/PS1 neurons. The greater colocalization of MnSOD and nitrotyrosine indicates the greater inactivation of MnSOD by nitrotyrosine in mature APP/PS1 neurons (Fig. 5 ). These results demonstrate that oxidative stress affects both MnSOD production and activity during neuronal development.
SOD mimetic protects neurons and improves mitochondrial function
To investigate the protective role of MnSOD against additional ␤-amyloid toxicity, we pretreated developing WT/WT neurons with SOD mimetic for 3 h, followed by ␤-amyloid treatment for 24 h. Pretreatment with SOD mimetic increased neuronal survival against ␤-amyloid-induced cell death (* PϽ0.05, ** PϽ0.001, one-way ANOVA) (Fig. 6A) . This result confirms the protective role of MnSOD and also establishes that induction of MnSOD is an adaptive event to protect developing APP/PS1 neurons against oxidative stress (Fig. 3A and Fig. 4) .
Mitochondria abnormalities have been reported in AD (Hirai et al., 2001) . We have previously shown that mitochondria isolated from APP/PS1 mice have reduced respiratory function (Anantharaman et al., 2006) . SOD mimetic was able to protect neurons from oxidative damage (Fig.  6A) . To determine whether the protective role of SOD mimetic is related to its ability to protect mitochondrial function, we pretreated isolated mitochondria from adult WT/WT mice and measured mitochondrial respiration. Interestingly, SOD mimetic was not toxic when directly added to mitochondria but was able to enhance slightly the RCR value although it did not reach a significant level of 0.05. This result indicates that SOD mimetic is not toxic to mitochondria and may improve mitochondrial function (Fig. 6B) . To compare the effects of SOD mimetic and authentic MnSOD on mitochondrial function, we compared forebrain mitochondrial respiration from WT (CB57BL/6 background) with mitochondria isolated from transgenic mice overexpressing the human MnSOD gene, TgH. As observed with the SOD mimetic, there was no significant difference in RCR, but a trend of protection was observed (Fig. 6C) . These results suggest that SOD mimetic and authentic MnSOD exert a similar effect on the function of brain mitochondria.
DISCUSSION
The present study demonstrates that mutations in the APP and PS genes increase oxidative stress in APP/PS1 neurons and result in increased MnSOD levels which act as an antioxidant adaptive response to oxidative stress. However, sustained exposure to high levels of oxidative stress is accompanied by a decline in MnSOD production and increased vulnerability to ␤-amyloid exposure.
Increasing the pro-oxidant side of pro-oxidant/antioxidant homeostasis or oxidative stress is thought to be a key factor in the pathogenesis of AD and MCI (Pratico et al., 2002; Rinaldi et al., 2003; Guidi et al., 2006) . Several investigators have measured the levels of oxidatively modified biomacromolecules such as DNA, RNA, protein, and lipid in AD and MCI (Markesbery, 1997; Aksenov et al., 2001; Markesbery et al., 2005; Butterfield et al., 2006; The significance of differences between WT/WT day 3 and day 10 neurons ( # P ϭ 0.005, t-test), WT/WT and APP/PS1 day 10 neurons (*P ϭ 0.006, t-test) was verified. Values were means ϮS.D. of at least three independent cell culture experiments. Fig. 4 . MnSOD levels in primary neurons. MnSOD protein levels were detected using Western blotting in days 3 and 10 neurons. MnSOD levels were significantly increased in day 3 APP/PS1 neurons (#P ϭ 0.045, t-test) but reduced at day 10 (*P ϭ 0.0359, t-test) compared to corresponding WT/WT. Data were means ϮS.D. from at least three sets of primary cell cultures and normalized with day 3 WT/WT neurons. Wang et al., 2006) . Increasing incidences of oxidative damages in macromolecules strongly suggest that oxidative stress plays a role in AD; however, the precise pathogenesis mechanism of AD is still not completely known. In addition to other oxidatively modified biomacromolecules, protein carbonyl and HNE are toxic to the neuronal system (Picklo et al., 2002) . Moreover, protein nitration affects the function of the protein and may contribute to neurodegeneration in AD (Smith et al., 1997) . In the present study, we found early increases of protein carbonyl, 3-NT and 4-HNE in developing APP/PS1 neurons and sustained increases of oxidative damages during neuronal development (Fig. 1) , which confirm a previous study on mature neurons (Abdul et al., 2006) . Increasing levels of oxidative damages accompanied by reduced mitochondrial membrane potential in APP/PS1 neurons ( Fig. 1  and Fig. 2 ) suggest a reduction of mitochondria function under oxidative stress conditions. These phenomena may prime neurons to aging and cell death processes since enhanced depolarization was found in mitochondria from old animals (Hagen et al., 1997) . The finding that mature APP/PS1 neurons are more vulnerable to additional ␤-amyloid toxicity (as shown in Fig. 3B ) supports this explanation. These results suggest that the genetic mutation risk factor of AD causes APP/PS1 neurons to be born with oxidative damages and that continuous exposure to higher levels of accumulated oxidative stress and mitochondrial dysfunction can eventually lead to the neuronal dysfunction and cell death observed in the AD brain.
MnSOD, a pro-survival mitochondrial antioxidant enzyme, has been shown to be essential for neuronal protection against oxidative damages (Gonzalez-Zulueta et al., 1998; Keller et al., 1998; Klivenyi et al., 1998) .
However, the fate of MnSOD during AD development is not completely known. The present study demonstrates the dynamics of MnSOD production during neuronal development. Interestingly, our results show an early increase in oxidative damages and accelerated increase in MnSOD levels in developing APP/PS1 neurons ( Fig. 1 and  Fig. 4) . These results extend to demonstrate that developing neurons have the ability to cope with oxidative stress by induction of MnSOD. This result signifies the role of oxidative stress-induced MnSOD production. The neuroprotective role of SOD mimetic (Fig. 6A) confirms that an early increase in MnSOD may, in part, be an adaptive response that protects against ␤-amyloid-induced neuronal damage. Our results, which demonstrate that mature APP/PS1 neurons lose the ability to produce more of this enzyme than do WT/WT neurons of the same age (Fig. 4) , suggest that sustained exposure to high levels of oxidative stress leads to a loss of adaptive response. Our results also suggest that sustained increase in MnSOD is essential for neuronal survival, and, thus, prevention of chronic oxidative stress-mediated MnSOD reduction may be a strategy to protect chronic neurodegenerative diseases such as AD.
Many different groups reported that beta-amyloid is more toxic to mature neurons than young neurons (Liu et al., 2004) . However, in the present study, we found that beta-amyloid is more toxic to developing neurons (WT/ WT) compared with mature neurons (WT/WT). There are several potential reasons that may explain this apparent discrepancy. First, most reports, including Liu et al., use E18 neurons from rats. Our study used primary neurons from newborn mouse pups. The differences between neurons from rats and mice, as well as different conditions in in utero and newborn pups, could contribute, in part to the observed variations. An adaptive response may have developed in the mouse brain upon exposure to a higher level of oxygen after birth. Second, Liu et al. used A-beta 1-40 whereas we used A-beta 1-42. Treatment with ␤-amyloid1-40 in the Liu et al. study might have primed young neurons to adapt against oxidative stress compared with treatment with the more toxic ␤-amyloid1-42 used in our present study. Abeta1-42 is more toxic than Abeta1-40. There are two possible reasons: (a) with two additional hydrophobic amino acids, Abeta1-42 could aggregate more quickly, forming toxic oligomers more readily than Abeta1-40. (b) The helix each forms when dissolved in the lipid bilayer as small oligomers has a dipole moment associated with the helix. The sulfuranyl free radical on Met-35 we propose would be more stabilized (i.e. live longer to then initiate lipid peroxidation) in the longer peptide with the greater dipole moment (Butterfield and BoydKimball, 2005) . Third, Liu et al. use MTT assay to determine cytotoxicity. Although this assay is the practical method to measure cell numbers, it represents the content of mitochondrial dehydrogenases. We use the disappearance of cells as a measure of cytotoxicity. Although this method is very tedious, we believe it directly indicates the amount of cell death.
MnSOD is a nuclear encoded mitochondrial enzyme (Wan et al., 1994) . Induction of MnSOD is regulated by the combination of several transcription activators and repressors. Members of the nuclear factor kappa B (NF-B) family, including p50, p65, and c-Rel, have been shown to induce MnSOD expression and protect neurons from oxidative damage (Mattson et al., 1997; Pizzi et al., 2005; Sompol et al., 2006) . However, the molecular mechanism of MnSOD suppression in neurons remains unknown. A possible candidate for the suppression of MnSOD is p53. It has been shown that p53 level is increased in AD (Alves da Costa et al., 2006) and that expression of p53 suppresses MnSOD transcription in various cellular models (Drane et al., 2001; Dhar et al., 2006) . Moreover, it is possible that mitochondrial injury observed in AD may suppress MnSOD expression since mitochondrial electron transport inhibitors have been shown to suppress MnSOD induction (Rogers et al., 2001 ). Mitochondrial injury has been shown to inhibit NF-B and reduce p65, key transcription factors for MnSOD production, but to induce p53 expression (Schulze-Osthoff et al., 1993; Biswas et al., 1999; Behrend et al., 2005) . In addition to transcriptional repression of MnSOD, it is also possible that the observed decrease of MnSOD may be due to oxidative stress-induced DNA damage and/or ribosomal oxidation, which have been observed in AD (Lovell et al., 2000; Ding et al., 2005; Wang et al., 2006) . Additional studies will be needed to identify the exact cause for the loss of MnSOD induction upon sustained exposure to oxidative stress.
Our finding that MnSOD activity in mature APP/PS1 neurons declines more than do the levels of MnSOD protein (1.67-fold change in activity and 4.19-fold change in protein) is supportive evidence for MnSOD inactivation. It has been shown that MnSOD is particularly sensitive to oxidative stress-induced inactivation of enzyme activity by nitrotyrosine modification (MacMillanCrow et al., 1996 (MacMillanCrow et al., , 1998 . We have previously shown that MnSOD in APP/ PS1 brain has a high level of nitrotyrosine modification (Anantharaman et al., 2006) . The greater co-localization of MnSOD and nitrotyrosine in mature APP/PS1 neurons in the present study (Fig. 5) confirms those previous studies. These results suggest that AD is a neurodegenerative disease that accumulates oxidatively modified dysfunctional protein including MnSOD.
Oxidative stress is a cause of progressive aging and developing disease including neurodegeneration (Markesbery, 1997; Chan, 2006; Terman and Brunk, 2006) . Our The effect of authentic MnSOD on mitochondria function was measured in isolated forebrain mitochondria from WT and TgH (n ϭ 4) mice (CB57BL/6 background). A trend of increase in oxygen consumption was observed in mitochondria treated with MnSOD mimetic and mitochondria isolated from TgH mice compared to their control, P ϭ 0.18 and P ϭ 0.3, respectively. results demonstrate that neurons can adapt to the initial encounter with oxidative stress by increasing their antioxidant defense enzyme, MnSOD. Thus, preventing the decline in the antioxidant defense system may provide an effective means for intervention in the development of neurodegenerative disease and the aging process. The rate of brain development is highest within the first year of development (Dekaban, 1978) . Our present study shows that oxidative stress increased during neuronal development but the young neuron with a higher level of MnSOD is protected. Thus, the most beneficial time at which to begin increasing the antioxidant system to protect the CNS from oxidative stress might be below the age of 1 year. Increasing the antioxidant system should continue from infancy through maturation and to the aging stages of the brain to reach full protection from the neurodegeneration caused by oxidative stress. Since our data indicate that genetically predisposed young neurons can adapt by increasing endogenous antioxidant, it would suggest that a genetically predisposed infant, even later in development, would benefit from supplementation of antioxidant to prevent, or at least slow down, the progress of neurodegeneration in AD.
